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ABSTRACT 


The  absorption,  emission  and  excitation  spectra,  crossing  ratios  and  life¬ 
times  of  phosphorescence  of  the  group  IV  tetrapher;yls  are  presented  and  discussed 
from  the  viewpoint  of  the  theory  of  intramolecular  energy  transfer  processes. 
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SECTION  I 


INTRODUCTION 


In  the  elucl(jation  of  the  luminescent  behavior  of  polyatomic  molecules,  hypo¬ 
theses  have  been  advanced  on  the  nature  of  the  states  and  processes  involved.  Al¬ 
though  by  now  veil  established,  these  suggestions  are  confirmed  by  the  luminescence 
characteristics  of  the  group  IV  tetraphenyls.  Specifically,  the  tetrapher\yls  emit 
two  types  of  luminescence,  the  variation  of  which  with  atomic  number  of  the  cen¬ 
tral  atom  and  physical  environment,  forms  the  topic  of  the  present  report. 

Although  hypothesized  mapy  years  ago  the  radiationless  transition  is  still 
the  object  of  extensive  research  and  conjecture.  In  Section  II  we  give  a 
short  descriptive  introduction  to  the  theory  of  intramolecular  processes,  includ¬ 
ing  an  approach  to  radiationless  transitions.  In  Section  111  the  results  of  our 
investigations  are  presented  and  discussed.  In  the  last  section  ve  apply  the 
theory  of  spin-orbit  coupling  in  polyatomic  molecules,  in  some  detail,  in  order  to 
explain  these  observations. 
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SECTION  II 


INTRODUCTION  TO  INTRAMOLECULAR 
FROCESSES  IN  POLYATOMIC  MOIECULES 


Since  the  suggestion  by  Ifiwis  and  Kasha,  and  Terenin  on  the  nature  of  the 
phosphorescent  state  in  complex  molecules  (19li3-bl)  our  understanding  of  lumines¬ 
cent  phenomena  has  been  greatly  increased.  Recent  reviews  have  been  given  by 
M.  Kasha,  H.  Sporer,  C.  Reid  and  G.  Porter  (Ref.  1-1).  In  this  section  we  assume 
the  reader  is  familiar  with  these  reviews,  we  merely  discuss  one  or  two  points 
which  are  occasionally  glossed  over.  Dissociation  phenomena,  here  ignored  are 
treated  in  the  reviews  (Ref.  5). 

After  the  initial  act  of  absorption  of  a  photon  the  molecule  finds  itself  in 
an  excited  electronic  state  with  a  lifetime  which  does  not  necessarily  depend 
wholly  on  the  transition  probability.  For  example,  if  the  excited  state  is  other 
than  the  lowest  lying  state  of  that  multiplicity,  radiationless  deactivation  to  a 
lower  state  of  the  same  multiplicity  occiars  within  10“^^  to  10“^^  sec.  For  very 
high  lying  states  this  has  been  visualized  as  a  cascade  process  whereby  electronic 
energy  is  converted  into  nuclear  motions.  This  has  lead  to  a  statement  which  is 
well  borne  out  by  experiment,  that  after  the  absorption  of  non-ionizing  radiation 
the  emitting  state  is  the  lowest  lying  excited  state  of  that  multiplicity  (Ref.  6). 
If  two  emissions  are  observed  they  therefore  correspond  to  excited  states  of  dif¬ 
ferent  multiplicity.  Complex  molecules  then,  possess  a  very  efficient  mechanism 
for  the  relaxation  of  electronic  energy.  But,  by  analogy  with  the  diatomic  mole¬ 
cule,  it  ir  conventional  to  think  of  these  radiationless  transitions  in  terms  of 
the  intersection  of  potential  energy  surfaces.  Here  it  must  be  remembered  that 
for  a  complex  molecule  the  potential  energy  surface  is  of  3n-6  dimensions  so  that 
the  intersecting  surfaces  I'ill  also  in  general  be  t\yperdimensional  (up  to  3n-6). 

For  the  diatomic  molecule  the  probability  of  these  non-adiabatic  transitions  has 
been  calculated  by  Landau  and  Z''ner  (Ref.  7,  8).  Teller  (Ref.  9)  extended  these 
considerations  to  the  polyatomic  molecule.  In  the  diatomic  molecule  only  states 
which  differ  in  symmetry  or  excitation  can  cross  since  the  one  available  para¬ 
meter  (the  internuclear  distance)  cannot  bring  about  a  complete  degeneracy  (Ref.  9\ 
However,  the  large  number  of  available  parameters  of  different  symmetry  in  a  com¬ 
plex  molecule  can  always  bring  about  such  a  degeneracy.  This  is  what  we  mean  when 
w**  say  the  states  are  mixed  by  vibrations  of  appropriate  symmetry.  Teller  treated 
the  case  of  two  parameters  ("double  conical"  crossing)  and  three  parameters,  and 
obtained  reasonable  transition  probabilities. 

In  view  of  the  difficulties  inherent  in  this  approach  for  complex  molecules, 
it  is  useful  to  have  a  scheme  for  visualizing  the  fast  electronic  relaxation.  V.’e 
note  that  the  cascade  qualitatively  resembles  exciton  migration  and  may  be  termed 
an  intramolecular  exciton  phenomenon,  lnhile  the  exciton  propagates  in  3  dimen- 
sional  space  the  intramolecular  exciton  moves  in  the  poly  dimensional  space  of 
electrons  and  nuclei.  That  is,  the  absorption  of  a  photon  creates  an  exciton  which 
is  scattered  from  state  to  state  (after  partial  thermalization)  by  phonons  of 
appropriate  symmetry.  The  exciton  is  finally  either  completely  thermalized  (ground 
electronic  state)  or  localized  (lowest  excited  state  of  that  multiplicity).  The 
affect^of  the  medium  in  which  the  molecule  finds  itself  is  on  vibrational  relax¬ 
ation.  The  intramolecular  process  also  differs  from  the  intermolecular  one  in 
that  the  coupling  mechanism  in  the  latter  (Ref.  10)  is  a  multipole-multipole  inter¬ 
action  while  in  the  former  it  is  a  vibrational  perturbation  of  the  electronic  state. 
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However,  both  are  reeonance  phenomena  and  can  be  treated  by  the  time  dependent 
perturbation  theory.  From  Schiff  (Ref.  11)  the  transition  probability  per  unit 
time  is, 

(1) 

where  m  is  the  initial  state,  k  is  the  final  state  and  fw  is  the  density  of 
final  states.  is  the  matrix  element  of  the  perturbation  between  these  states. 

The  sum  is  over  final  states  of  nearly  the  same  energy  but  different  .  That 

is,  the  excitation  may  be  scattered  to  a  variety  of  vibronic  states. 


Robinson  (Ref.  12)  has  written  down  the  same  expression  for  the  radiationless 
transition  probability. 


P 


httI  r  - 

V  ““ 


(2) 


where  J-ij.  is  a  product  of  vibrational  overlap  integrals  and  Mi.  is  the  purely 
electronic  matrix  element.  (Note  that  (1)  reduces  to  (2),  as  it  must,  under  cer¬ 
tain  assumptions  about  the  matrix  element  HV-  and  the  density  of  final  states.) 

Ve  refer  the  reader  to  Reference  12  for  further  discussion  of  radiationless  tran¬ 
sitions  and  some  actual  examples.  The  non-adiabatic  transition  here  discussed, 
is  not  a  '*tunnelling  phenomenon”  at  least  not  as  the  expression  has  been  used  here¬ 
tofore.  Albrecht  (Ref.  13)  has  also  touched  on  this  question.  The  first  use  of 
the  analogy  between  scattering  phenomena  (time  dependent  perturbation  theory)  and 
the  coupling  of  vibrational  and  electronic  energy  in  a  polyatomic  molecule  was 
made  by  ULehr  (Ref.  U^)  in  connection  with  the  Jahn-Teller  effect  in  benzene  posi¬ 
tive  ion.** 

V.’e  must  add,  for  the  sake  of  understanding  the  results  which  follow,  that 
because  of  the  energetic  isolation  of  the  ground  state  from  states  of  the  same 
multiplicity  in  most  molecules,  the  intramolecular  exciton  has  a  small  probability 
of  being  thermalized  via  the  first  excited  singlet  state.  Indeed,  it  is  commonly 
found  that  intersystem  crossing  to  the  lowest  triplet  state  is  competitive  with 
both  emission  and  internal  conversion  of  the  first  excited  singlet.  This  leads  to 
two  more  processes,  emission  from  the  triplet  (phosphorescence)  and  thermalization 
via  the  triplet.  Luminescence  observations  of  the  tetraphenyls  show  the  last  pro¬ 
cess  to  be  important,  at  least  in  certain  cases. 


Of  course,  in  the  case  of  rare  gas  solvents  with  high  nuclear  charge  or  other 
electronically  perturbing  solvents  the  effect  of  the  medium  is  more  than  merely 
thermal.  Here  we  are  thinking  of  inert  media,  in  the  true  sense. 

In  the  J-T  phenomenon  electronic  states  which  are  degenerate  by  synimetry  are 
split  by  vibrations  of  appropriate  symmetry,  while  in  the  radiationless  transition, 
vibrations  bring  about  a  vibronic  degeneracy. 
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SECTION  111 


LUMlfJESCENT  PSOPERTIES  0?  THE  GROUP  IV  TSTRAPHENYLS 


ABSORPTION  SPECTRA 

Absorption  spectra  of  the  tetra phenyls  and  of  benzene  are  given  in  Figures  1 
and  2. 


Figure  1.  Absorption  spectra  of  carbon  and  silicon  tetrapheiiyl  and  of  ben¬ 
zene.  Iso-octane  used  as  solvent. 
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Figia*e  2,  Absorption  spectra  of  germanium,  tin,  and  lead  tetraphenyl  in  iso- 
octane  solvent. 

The  similarity  to  the  absorption  spectra  of  benzene  and  benzene  derivatives  is 
evident.  The  two  electronic  transitions  observed  (?600  and  2100A)  are  analogous 
to  the  forbidden  « — 'Ai«  and  • —  ’Ai»  transitions  of 

benzene.  The  blue  shift  which  results  from  substitution  oT  group  IV  atoms  of 
higher  nuclear  charge,  togetlier  with  the  simultaneous  marked  decrease  of  the  in¬ 
tensity  of  the  0-0  transition,  which  is  forbidden  in  benzene  by  symmetry,  has  been 
interpreted  as  indicating  a  decreasing  perturbation  of  the  "normal  benzene  charge 
distribution",  (Ref.  1$  and  18). 


1:KISS10N  5PSCTRA 

Smission  spectra  of  the  tetraphenyls  are  given  in  Figure  3  and  Table  1.  Ex¬ 
perimental  details  are  found  in  Appendix  111. 
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Figure  3.  iFlmisaion  spectrum  of  germanium  tetraphenyl. 


Emission  consists  of  two  broad  bands,  k  short  wavelength  band  (F  band),  which 
overlaps  the  0-0  transition  region  (2700A),  is  ascribed  to  transitions  frota  the 
vibrationlfiss  first  excited  state  to  vibrational  levels  of  the  ground  state.  In 
solution  at  room  temperature  this  is  the  only  emission  which  occurs.  A  longer 
wavelength  band  (P  band)  is  the  source  of  the  blue-green  phosphorescence  observed 
in  all  these  molecules  in  the  crystalline  state  at  room  temperature,  or  77°K,  or 
in  solid  solution  at  77°K.  A  noticeable  decrease  in  the  lifetime  of  phosphor¬ 
escence  with  increasing  atomic  number  of  the  central  atom  has  served  to  classify 
this  emitting  state  as  a  triplet  state  of  lower  energy  than  the  first  excited 
singlet.  This  emission  should  correspond  to  the  well  studied  phosphorescence  of 
benzene.  In  benzene  the  F  band  possesses  vibrational  structure  and  occurs  in  the 
region  2500-3000A.  The  P  band  (3lj00-li700A)  also  occurs  with  extensive  vibrational 


structure.  Sponer  et  al.  (Ref.  19)  classify  the  P  emission  as 


'B, 


'A., 


(or  possibly  <'A,^  ).  F  emission  is  of  course 


'h 


'B. 


•A. 
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EMISSION  SPECTRA  OF  THE  GROUP  IV  TETRAPHENYLS 


CCCgH^)^ 

Si(C^H,)j^ 
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F  Band  Maxima 

320011 
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3200 

3200 

weak 

P  Band  Maxima 

1500,14700 

5100 

1300,14600 

14500,14700 

5100 

1500,14700 

1250,14550 

EXCITATION  SPECTRA 

The  emission  spectra  were  found  to  be  independent  of  the  wavelength  of  the 
e>citing  light  ( 2000-3000A) .  The  intensity  of  emission  does  vary  with  the  ab¬ 
sorption  coefficient  at  the  exciting  wavelength.  It  would  be  interesting  to 
investigate  the  relative  yield  of  phosphorescence  and  fluorescence  as  a  function 
of  exciting  wavelength  and  temperature  using  solid  solutions.  Interesting  results 
have  been  obtained  in  studies  of  dye  solutions,  which  indicate  the  relative  yields 
are  temperature  and  wavelength  dependent  (Ref.  20);  other  cases  are  also  known. 


KINETIC  ANALYSIS 

In  the  following  analysis  we  ignore  the  possible  existence  of  thermal  effects 
of  the  kind  just  mentioned,  which  would  involve  a  consideration  of  vibrational 
excitation  and  relaxation,  and  instead  consider  the  usual  3  level  scheme. 


sxio' 


CM*' 
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Figure  Ij.  Conventional  level  scheme  with  possible  processes. 
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The  inverse  lifetimes  of  phosphorescence  and  fluorescence  are  then, 

1/  'V-  ^  “  k  ♦  k.  1/  T  #.  =  k-  ♦  k.  ♦  k.  and  by  radiative  lifetimes  we 

'  L  P  p  IS  ’  '  f  f  1C  IS  •' 

mean,  1/  ^  ^  ‘  (9) 

The  scheme  given  above  will  apply  only  under  certain  conditions.  In  parti¬ 
cular,  we  have  ignored  all  possible  bimolecular  processes.  Those  often  suggested 
are. 


V 

^A  . 

W 

(10) 

3a 

¥ 

1a  ^ 

W 

(11) 

3, 

3 

1 

1 

(12) 

A 

A  — *■ 

A 

A 

1  » 
A*^ 

(13) 

VJe  may  also  mention  sensitized  fluorescence,  in  which  case  the  quencher  w  in 
’Equation  (10)  or  Equation  (11)  later  emits.  Equations  (11)  and  (12)  prohibit  the 
observation  of  emission  in  non-rigid  media.  Livingston  and  Jackson  (Ref.  21) 
present  evidence,  specifically  for  anthracene,  that  Equation  (11)  and  Equation  (12) 
are  temperature  and  viscosity  dependent.  It  is  also  clear  that  because  of  the 
long  lifetime  of  3(^,  very  small  quantities  of  quenching  impurities*  (  lO'^K)  are 
sufficient  to  appreciably  lower  the  lifetime.  These  bimolecular  processes  are 

*The  rate  of  disappearance  of  3^  may  be  written, 

-dVdt  «  k^  (3^)  ♦  kp  (3^)^ 

where  k^^  =  k°  ■*  k^  (W)  exp  -E/RT,  l/k°  is  the  unimolecular  lifetime  and 
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minimized  in  ri^id,  dilute,  solid  solutions  at  lov  temperatures.  It  should  be 
noted  that  Equations  (6),  (7)>  (11)  and  (12)  give  first  and  second  order  rate  con¬ 
stants  which  are  both  viscosity  dependent  (compare  Ref.  22). 

In  dilute,  solid  solution  at  77°K,  the  quantum  yields  of  fluorescence,  inter¬ 
system  crossing  anti  phosphorescence  are  given  ty. 


{p  ”  ‘^f^f  ''ic  ♦  ^±s) 


(U) 


f *  ^ic  *  ‘‘f  ) 


(15) 

(16) 


?  *  ♦  k.  ^(k  k.-  ♦  k«) 

ip  p  IS  p  is  is  1C  f 


Vi;  “t’  •\s' ) 


(17) 


DISCL’SSION 

If  kj^g'  is  zero. 


Vi-  ^ 


Kasha's  Crossing  Ratio,  Equation  (15) 


Taking  the  case  of  carbon  tetraphenyl  where  Equation  (10)  is  a  very  bad  approxi> 
mation,  but  better  than  in  the  case  of  the  other  tetraphenyls,  we  have, 


V^, 


0.1, 


10®,  then  kj 


10®  or  10^  sec”^ 


-  "f  —  I  -  "IS 

as  Kasha  ej.pected  (Ref.  6)  for  an  essentially  aromatic  molecule  containing  only 


.  l/h 


carbon  atoms.  i"/ipratios  have  been  estimated  for  the  other  tetraphepyls  to  be, 
Si(O.l),  Oe(l),  Sn(lO),  Pb(  »  lO).-”^ 


l/k,  if  ,^thp  observed  lifetime.  Therefore  k®  is  10^  to  1  sec”^  or  seller.  . 
Taking  k^  exp  -E/^IT  =  ic"  l.mole"^sec“l,  then  (y)  may  be  10"5  to  10”^  moles  l.“ 
in  order  to  exert  quite  an  observable  effect. 

■•'^Fiethod  of  estimation  is  dealt  with  in  Appendix  111. 
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Relative  yields  are  difficult  to  estimate  for  the  lead  compound  slnoithe  F  band 
has  almost  disappeared,  which  is  to  say  it  was  not  observable  in  our  experiments. 
This  compound  also  shows  the  weakest  P  band,  as  seen  below,  this  is  all  to  be  ex¬ 
pected. 


The  change  in  crossing  ration  shows  the  expected  trend  with  increasing  atomic 
number  of  the  central  atom.  That  is,  in  Equation  (II4)  is  markedly  increased 
by  heavy  atom  substitution,  reducing  the  fluorescence  yield.*  It  would  be  some¬ 
what  illogical  to  have  the  heavy  atom  affect  k^^g  and  not  k^g'.  In  this  regard  we 
note  that  a  decreasing  J  can  only  be  produced  hy  an  increasing  k^^g'  since 

and  k  can  only  increase  under  the  same  circumstances.  Equations  (15)  and 
(16).*  This  is  what  is  observed.  At  77°K  in  dilute  solid  solution  or  at  room 
temperature  in  the  crystalline  state  J  decreased  markedly  and  smoothly  in 

going  from  carbon  to  lead  tetraphenyl.  ^ 

This  is  an  important  observation  since  some  have  doubted  the  existence  of 
(is')  or  claimed  it  was  viscosity  dependent  and  therefore  totally  inhibited  under 
these  conditions.**  The  difference  between  kj^g  and  k^^g'  is  expressed  in  Equations 
(1)  and  (2)  and  may  be  mainly  caused  by  vibrational  overlap. 


Of  course  the  crossing  ratio  will  show  the  correct  behavior  with  increasing 
atomic  nximber  even  if  is  decreasing,  simply  because  ^  must  decrease 


much  faster.  From  Equation  (17)  we  see  that  with  k^ 
kj^g  and  kp  are  multiplicative  while  the  increasing  k^g 


constant,  the  increasing 
'  and  k  are  merely  additive. 


To  estimate  the  radiationless  rates  more  information  is  needed,  specifically, 
both  the  observed  lifetime  of  phosphorescence  and  the  radiative  lifetime.  Equation 
(9) .  The  lifetimes  of  phosphorescence  in  rigid  glasses  at  77°K  were  measured 
(experimental  details  in  Appendix  11). 


C 

Si 

Ge 

Sn 

Pb 

*tp(  sec) 

1.1 

0.055 

0.003 

(0.0008) 

*k^^,,  if  it  is  not  zero,  is  assumed  to  be  constant  as  a  function  of  the  ato,  .ic 
number  of  the  central  atom.  This  assumption  is  strengthened  by  the  nearly  identi¬ 
cal  extinction  coefficients  (constant  k^.)  and  similar  band  shapes  observed  in  the 
tetrapheqyls .  The  lack  of  sharp  vibrational  structure  in  the  absorption  spectra 
of  carbon  and  lead  tetrapheqyl  may  have  very  different  origins.  In  the  former  the 
transition  will  not  be  localized  in  the  ring,  while  in  the  latter  we  will  find 
that  kj^g  is  so  large,  of  the  order  of  a  vibrational  frequency,  that  the  vibronic 
levels  may  suffer  in  sharpness  because  of  the  uncertainty  principle. 

A  fall  in  quantum  yield  of  luminescence  may  always  be  attributed  to  photo¬ 
decomposition.  However,  in  no  case  do  we  have  evidence  of  photodecomposition  jaro- 
ducts,  i.e.,  the  occurrence  of  new  emission  or  absorption  bands  upon  irradiation. 
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In  Section  IV  we  examine  the  theory  oT  spin-orbit  coupling  in  polyatomic  molecules 
more  closely,  in  order  to  estimate  the  radiative  lifetimes.'***'’*’ 


SlNGL^T-TRIPL’i:!  AESORPTIOM  SPECTRA 

The  radiative  lifetime,  V  -  may  be  determined  directly  if  singlet- 

triplet  absorption  bands  can  b«  observed.  The  radiative  lifetime  is  calculated 
from  the  equation, 

10. HI  « 10* 

V'-  Z”.  ^  in  cm“^ 

VJe  searched  for  S-T  absorption  bands  in  the  tetraphenyls.  Our  efforts  were  ham¬ 
pered  by  the  small  solubility  of  these  compounds  in  hydrocarbon  and  hydroxy lie 
solvents.  However,  chloroform  was  found  to  be  a  good  solvent.  The  S-T  absorp¬ 
tion  spectra  are  displayed  in  Figures  5  to  7. 

As  was  expected  the  intensity  of  the  S-T  absorption  increased  with  the  atomic 
number  of  the  central  atom.  In  germanium  tetraphenyl  the  S-T  absorption  is  the 
long  tail  of  the  S-S  absorption  with  a  mere  indication  of  structure.  In  the  sili¬ 
con  compound  S-T  absorption  was  not  detected  under  the  present  conditions. 

Py  plotting  the  data  as  molecular  extinction  coefficient  versus  wave  numbers 
and  rerforming  the  integration  we  obtain. 


Ge 

.003 


Sn  Pb 

.0006  .00008 


Although  the  germanium  value  suffers  from  uncertainty  due  to  difficulty  in  separ¬ 
ating  singlet-singlet  from  single t-tri pie t  absorption,  this  is  not  true  of  the 
ot’ners.  It  is  evident  that  these  lifetimes  are  shorter,  by  at  least  an  order  of 
magnitude,  than  the  observed  lifetimes  of  phosphorescence  in  rigid  solution. 
Clearly,  thesp  lifetimes  cannot  represent  molecular  quantities,  but  rather,  are 
characteristic  of  both  the  molecule  and  the  solvent.  Vie  are  observing  transitions 
which  seem  to  derive  a  great  deal  of  their  intensity  from  collisional  perturbation 
by  the  heavy  atom  solvent  (an  effect  first  reported  ty  H.  Kasha)  and,  to  some 
lesser  extent,  dissolved  oxygen  (see  the  papers  of  B.  ?.  Evans).  Although  this 
removes  all  quantitative  significance  from  lifetimes  so  derived,  qualitatively  the 
absorption  curves  and  relative  intensities  are  of  interest  since  they  support  the 
other  types  of  observation. 


**500  for  example,  V.  Kauzmann,  "Quantum  Chemistry",  Academic  Press,  1957, 
p.  700-703,  and  references  given  therein, 

*'’’*Radiative  lifetimes  could  be  obtained  from  singlet-triplet  absorption  co¬ 
efficients,  or  as  Equations  (li,  to  (17)  show  from  measured  yields  of  fluorescence 
and  phosphorescence. 
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SECTION  IV 


FROEAPIUTY  OF  SINGLET-TRIPLET  TRANSITIONS 


Actual  calculation  of  radiative  lifetimes  for  triplet-singlet  emission  have 
been  carried  out  in  only  a  few  cases,  e.g.,  carbonyl  emission  (Sidman,  Hameka  and 
Oosterhoff)  and  benzene  (Mizushima  and  Koida,  dementi,  Hameka  and  Oosterhoff) 

(Ref.  ?3  to  Ref.  26).  The  methods  used  in  these  studies  differ  in  detail,  but 
all  make  use  of  the  first  order  perturbation  theory.  This  reduces  to  the  calcu¬ 
lation  (or  more  properly,  estimation)  of  the  matrix  element  of  the  perturbing  spin- 
orbit  Hamiltonian  between  the  triplet  state  and  a  nearby  excited  singlet  state. 
Possible  mixing  of  the  ground  state  with  excited  triplet  states  is  ignored.  Slater 
type  orbitals  are  used,  which  are  not  distinguished  for  their  ability  to  repre¬ 
sent  the  wave  function  in  the  region  of  the  nucleus. 

Results  of  calculations  referring  to  the  same  phosphorescence  differ  widely 
among  themselves  and  are  in  very  poor  agreement  with  experiment.  However  a  more 
refined  approach  seems  neither  feasible  nor  necessary  at  the  present  time  since 
part  of  the  difficulty  lies  in  obtaining  true  radiative  lifetimes  from  experiment. 
This  should  be  clear  from  various  sections  of  this  report.* 

In  the  following  we  propose  to  treat  the  singlet-triplet  transition  probabil¬ 
ity  in  the  group  IV  tetraphenyls  from  the  viewpoint  of  a  normal  benzene  ring  per¬ 
turbed  by  a  heavy  atom.  This  model  has  the  virtues  of  simplicity  and  generality. 

If  the  heavy  atom  is  a  halogen,  we  have  the  halogen  benzenes  (also  phosphorescent), 
and  if  it  is  a  rare  gas  atom,  our  model  closely  approximates  that  chosen  by  0.  Vi. 
Robinson  for  the  phosphorescent  benzene-rare  gas  complex,  which  he  studied  at 
l4,2°K  in  crystalline  rare  gas  solvents  (Ref.  12). 


Our  interest  lies  in  the  states  which  arise  from  the  lowest  excited  configu¬ 
ration  of  benzene, 

where  the  are  linear  combinations  of  2p^  carbon  functions,  z  axis  perpendicu¬ 

lar  to  the  molecular  plane.  This  configuration  gives  rise  to  16  Slater  determi¬ 
nants.  The  linear  combinations  of  these  determinants  which  are  eipnfunctions  of 
S*^,  and  the  operations  of  represent  the  low  lying  excited  pi  states  of 

benzene,  model  chosen  (benzene  perturbed  by  a  heavy 

atom)  the  symmetry  is  Cp^.  \ilEon,  Decius  and  Cross  (Ref.  2?)  give  the  corre¬ 


lation  table  for  as  a  sub-group  of  (The  correlation  is  made  on  the  basis 

of  the  Cp  axis  being  along  a  C-H  bond,  which  is  the  Cp  axis  in  symmetry.) 


*An  added  complication  in  the  case  of  benzene  is  that  the  observed  phosphor¬ 
escence  arises  from  a  transition  which  is  both  spin  and  symmetry  forbidden. 
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Benzene 


Benzene 


The  possible  perturbation  of  the  states  of  benzene  in  going  from  to  is 
taken  in  two  parts.  VJe  first  consider  the  correction  to  the  zero  order  H^ilton- 
ian  which  mixes  states  of  the  same  multiplicity.  This  corresponds  to  naxing  of 
states  in  the  same  vertical  column  in  the  above  diagram.  If  the  total  Hamilton¬ 
ian  (ignoring  spin-orbit  coupling),  be  separated  into  two  parts,  H  referring  to 
the  isolated  benzene  ring  and  H'  representing  the  perturbation,  other  than  spin- 
orbit  brought  about  by  substituting  a  heavy  atom  for  hydrogen  (electrostatic, 
multijxjle-multipole,  exchange),  then  the  first  order  correction  to  the  energy  of 
the  state 


E(  f,  ) 


where 


The  actual  shifts  in  the  0-0  transition  of  Ig  < - relative  to  ^nzene  are, 

C(500  cm-1),  Si(350),  GedO),  Sn(Lo),  Pb(110Ty  indicating,  at  least  for  the  heav¬ 
ier  tetrapheivls,  a  small  shift  or  small  parallel  shift  in  ener^ 
first  order  correction  to.  the  wave  function  is  given  by  the  mixing  coefficients, 

I  .  (20) 
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The  denominators  of  the  mixing  coefficients  are  of  the  order  of  several  thousand 
cm”  and  increase  rapidly  for  higher  states.  We  conclude  that  is  appreci¬ 

ably  mixed  by  H'  only  with  the  nearest  states  of  the  same  multiplicity. 

Similarly,  with  the  correction  to  the  zero  order  Hamiltonian  which  mixes 
states  of  differing  multiplicity,  the  transition  energies  differ  little  from 

benzene,  although  the  transition  moments  may  be  changed  appreciably.  Explicitly, 
the  probability  of  the  intercorabination  Iff"  d _ *  ij  is  given  by. 


Ignoring  the  possible  mixing  of  the  ground  state,  dropping  the  sum  over  components 
of  the  triplet  stat®  (which  are  not  observable),  allowing  the  triplet  to  mix  with 
only  the  nearby  singlet,  ("perturbing  singlet"),  and  converting  to  inverse 
radiative  lifetime,  we  have. 


5'’'  (.  -  '£. 


(22) 


Equation  (??)  reduces  to, 


l/r o  “  (  Vp/  1/^)^  n 


t;  ■  \ 

■f;-  \ 
T/  ■  \ 

where  ^  °  is  the  radiative  lifetime  of  the  perturbing  singlet. 


2/p  and  T/„  are  the  0-0  bands  of  transition  to  triplet  and  perturbing 
singlet  respectively. 

E  -  E.  is  the  energy  separation,  triplet-perturbing  singlet. 

5 

K  is  the  matrix  element  of  the  spin-orbit  Hamiltonian  between  these  states. 

2 

Presumably  everything  is  known  in  Equation  (23)  except  M  ,  certainly  the  factor 
before  Ir  is  the  same  for  all  the  tetraphenyls,  and  the  problem  reduces  to 


17 


evaluating  This  discussion  follows  McClure  (Ref.  28  and  Ref.  29).  We  write 
the  operator  for  the  ith  electron, 


(«so)i  ” 


(Z,i/rJi)(L, 


(2I4) 


where  is  the  orbital  angular  momentum  of  the  ith  electron  relative  to  the  fth 
nucleus,  is  the  intrinsic  spin  of  the  ith  electron,  r^^.  is  the  distance  of  the 
ith  electron  from  the  fth  nucleus  and  is  the  effective  charge  of  the  fth 
nucleus  seen  by  the  ith  electron.  Equation  (2I4)  expresses  the  interaction  between 
the  intrinsic  magnetic  moment  of  the  electron  due  to  its  spin  and  the  magnetic 
moment  due  to  its  motion  in  the  molecule.  (In  a  coordinate  system  in  which  the 
electron  is  at  rest  it  sees  the  nuclei  and  other  electrons  rotating  about  it. 
Equation  (2l<)  expresses  the  interaction  of  its  spin  magnetic  moment  with  the  moment 
which  results  from  such  a  circulation  of  charge.)  Note  that  Equation  (2li)  has  the 
property  of  a  one  electron  operator,  so  interacjiion  with  the  moments  produced  by 
the  other  circulating  electrons  is  ignored.  The  other  electrons  are  accounted  for 
electrostatically  by  using  an  effective  nuclear  charge  2^*.  Since  is  a  sum  of 
one  electron  operators  M  vanishes  if  the  determinants  differ  by  more  than  one  set 
of  quantum  numbers  (see  Slater  (Ref.  30).)  That  is,  the  determinants  do  not  differ 
by  more  than  the  assignment  of  one  electron  to  a  different  orbital.  Since  the 
molecular  orbitals  are  themselves  linear  combinations  of  atomic  orbitals,  M  reduces 
to  the  evaluation  of  the  matrix  elements  of  Equation  (21*)  between  atomic  orbitals. 
These  integrals  can  at  most  be  three  center.  Because  of  r^^  and  the  inter¬ 
action  is  largest  near  the  nuclei;  therefore  2  and  3  center  integrals  will  be 
small  due  to  the  small  overlap  of  atomic  orbitals  at  adjacent  nuclei  and  the  very 
small  combined  overlap  at  a  third  nucleus.  However  in  the  present  discussion  it  is 
the  multicenter  integrals  which  are  important,  since  the  pi  electrons  are  believed 
to  be  localized  in  the  ring  and  it  is  the  effective  nuclear  charge  of  the  group  IV 
atom  which  makes  the  major  contribution  to  the  Hamiltonian.  Although  the  Hamil¬ 
tonian  shows  a  linear  dependence  on  Z.«  the  actual  dependence  of  the  matrix  ele¬ 
ments  is  greater.  (In  the  case  of  an  A.  0.  centered  on  f  the  average  r^j  varies 
inversely  as  Z^£.,  giving  a  spin-orbit  interaction  which  varies  as  Z?^.)*  The 

importance  of  the  3  center  integral  is  noteworthy  since  in  the  following  we  esti¬ 
mate  the  interaction  from  one  center  quantities,  these  must  be  taken  as  upper 
limits  to  the  true  interaction. 


Following  McClure  (Ref.  28)  the  spin-orbit  interaction  is  estimated  from  the 
atomic  spin-orbit  matrix  elements  of  the  heaviest  atom  in  the  molecule.  Condon 
and  Shortley  give. 


where  a  and  a'  are  the  only  sets  of  quantum  numbers  by  which  A  and  A'  differ. 

^  nl  ^he  degree  of  spin-orbit  coupling.  For  any  given  configuration 

the  electrostatic  energies  are  added  to  the  spin-orbit  matrices  and  the  secular 
equations  solved,  the  energy  levels  are  expressed  in  terms  of  ^  nl*  /nl 
then  determined  from  the  obseinred  multiplet  spectra.  Of  course  7  .  depends  on 
the  atomic  configuration.  The  values  given  here  (Condon  and  Shortl@y,  p.  2?!*)  are 
for  the  lowest  configuration. 
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configuration 


Cl 

Sil 

Gel 

Snl 

Pbl 

n-^)  (T.OhxlO^)'*^ 

2.016x10^ 

7.7lixlO^ 

1,39x10^ 

S.32xlo' 

5.1*9x10^ 

2.1*9x10^ 

7.79x10^ 

a. 39x10^ 

5.32x10 

The  second  line  of  the  table  gives  the  sum  of  ^  ^  over  the  atoms  which  make  up 
the  molecule,  since  the  perturbation  is  additive  in  the  nuclei,  Equation  (2h). 


McClure  has  shown  that  substituting  the  appropriate  quantities  into  Equation 
(?3),  and  using  for  Vr ,  gives  — '  0.003  sec  for  a  molecule  composed 

entirely  of  carbon  atoms.  The  latest  infoPmation  indicates  that  this  prediction 
is  probably  wrong  by  a  factor  of  at  least  10^!  For  other  carbon  containing  mole¬ 
cules  the  agreement  is  probably  fair.  The  difficulty  is  that  ^  is  a  one  center 
parameter  while  in  the  aromatics  all  one  center  integrals  in  M  vanish  from  sym¬ 
metry  (Ref.  I4  and  Ref.  30).  The  difficulty  is  compounded  when  the  transition  is 
also  space  forbidden. 


In  the  case  of  benzene  measurements  of  the  true  radiative  lifetime  have 
themselves  been  a  function  of  the  time,  varying  over  3  orders  of  magnitude  since 
191*0.  However,  Craig,  Hollas  and  King  (Ref.  36)  have  searched  for  the  singlet- 
triplet  absorption  of  oxygen-free  benzene.  Their  efforts  place  a  lower  limit  of 
300  sec  on 


This  implies  that,  to  within  the  accuracy  of  the  experiments,  the  observed 
lifetime  of  phosphorescence  of  benzene  and  carbon  tetraphenyl  is  entirely  l/k^g'. 
Assuming  the  radiative  lifetimes  of  the  heavy  tetraphenyls  are  proportional  to 

7  we  apply  an  empirical  correction  for  its  one  center  character  and  the  fact 
tl^t  it  accounts  for  spin  forbiddeness  only,  obtaining  for  0,  Si(66sec), 
Ge(2.1),  Sn(0.38),  Pb(0.031).  These  are  lower  limits  since  the  lifetime  of  ben¬ 


zene  may  be  much  greater  than  300  sec  and  the  true  matrix  elements  may  increase 
more  slowly  than  These  results  indicate  that  in  every  case  the  observed 

lifetime  is  essentially  due  to  intersystem  crossing  to  the  ground  state.  Using 
Equation  (17),  and  taking  kf  as  we  have  that  k^^g  is  of  the  order, 
Si(10°sec"^) ,  Ge(lo9)  and  Sn(10^^).  Intersystem  crossing  between  excited  singlet 
and  triplet  remains  much  more  efficient  than  crossing  to  the  ground  state  from 
the  triplet,  but  the  latter  is  hardly  negligible.  Also  note  that  for  the  heavier 
tetraphenyls,  we  have  rates  of  intersystem  crossing  which  are  comparable  to  radi¬ 
ationless  transition  rates  between  states  of  the  same  multiplicity. 


Since  the  matrix  element  M  appears  as  the  square  in  Equation  (23),  the  total 
effect  of  2-;.  on  the  probability  of  the  transition  is  -3  ®,  in  this  particular 
case. 

^Estimated  in  Ref.  28. 

""^Robinson  would  make  itshcrter  $lef.  12),  calculations  by  Hameka  (Ref.  2[i) 
would  have  it  longer. 
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APPENDIX  I 


MATERIALS 


TETRAPHENYLS 

Caii>on  tetraphenyl  (Monsanto),  silicon  tetraphenyl  (s^theslzed  at  AHL), 
germanium  tetraphenyl  (Anderson),  tin  tetraphenyl  (Thermit)  and  lead  tetraphenyl 
(synthesized  at  ARL)  were  purified  by  recrystallization.  The  criterion  of 
purity  was  the  spectrum  of  the  material  in  emission  and  absorption.  These  spectra 
are  quite  characteristic  and  should  not  vary  on  successive  purifications. 

SOLVENTS 

Mathason  spectroscopic  solvents  were  used.  Even  this  grade  contains  what 
appears  to  be  a  high  concentration  of  fluorescent  and  phosphorescent  matorial 
^en  exposed  to  the  full  Intensity  of  a  mercury  arc.  This  has  been  noted  by 
others.  Extensive  purification  procedures  were  used  to  eltminate  these  substances, 
since  they  might  Interfere  with  the  luminescence  of  the  molecules  of  Interest. 

This  is  especially  important  idien  the  Ituninescent  materials  under  study  are  only 
weakly  soluble,  as  in  the  present  case.  Also,  the  triplet  state  is  known  to  be 
very  sensitive  to  quenchers  because  of  its  long  lifetime  (see  Section  II). 

Hydrocaxhons  (Ref.  31>  32)  were  shaken  with  concentrated  sulfuric  acid, 
washed  with  distilled  water  containing  NaOH  and  washed  with  water  many  times. 

They  were  dried  over  calcium  chloride  for  several  days  and  distilled,  taking  a 
middle  fraction,  then  passed  over  silica  gel  several  times.  (Silica  gel  is 
activated  by  heating  for  several  hours  at  200*C  and  allowing  to  cool  in  a  dry 
place.) 

Ether  was  shaken  with  10  percent  sodium  bisulfite,  washed  with  saturated 
Nad  solution,  shaken  with  concentrated  sulfuric  acid  and  washed  with  basic 
(NaOH)  KMiOU  solution.  It  was  then  washed  many  times  with  water  and  dried  over 
Cad2*  passed  through  silica  gel,  distilled  over  sodium  and  stored  over  sodium. 

Alcohols  were  distilled  with  concentrated  sulfuric,  refluxed  for  hours  with 
AgN03  solution  and  a  little  NaOH,  and  distilled.  They  were  then  refluxed  with 
Cad2>  passed  through  silica  gel  once  and  fractionally  distilled. 

The  solvents  thus  obtairod  were  appreciably  iiqproved  over  the  starting 
materials,  they  were  sufficiently  non-luminescent  for  our  purposes.  Ifowever, 
idien  exposed  to  the  full  intensity  of  the  Hg  arc  for  10  seconds  they  still  clearly 
show  a  phosphorescence  of  the  order  of  seconds.  Solvents  were  found  to  deterio¬ 
rate  with  time  and  for  best  results  should  be  distilled  before  use. 

RIGID  GLASSES 

The  following  combinations  were  found  to  produce  rigid  clear  glasses  at 
77*K  with  little,  if  any,  fracture.  Given  in  parts  by  volume. 

3  ether,  3  iso-octane,  1  isopropyl  alcohol 

3  ether,  1  Iso'^ropyl  alcohol 
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Ethyl  alcohol  miy  be  substituted  for  iso-propyl,  or  either  may  be  used  alone, 
with  more  fracture  resulting* 

1  iso-pentane,  k  methyl  cyclohexane 

1  iso-propyl  alcohol,  3  iso-octane,  3  methyl  cyclohexane 
The  well  known  EPA  is  $  ether,  ^  iso-pentane,  2  ethyl  alcohol. 
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IPPENDn  II 


LIFETIME  MEASDREMIKTS 


Phosphorescent  llfetlms  were  measured  by  following  the  decay  on  an  oscil¬ 
loscope  after  flash  excitation. 


Figure  8.  Schematic  diagram  of  electrical  circuits  for  flash  excitation 
and  monitoring  of  decay. 

9  Msg,  300(hr  (Westlnghouse }  Bi 

Rg  165k  ^  tapping  switch 

11,  To  warlac,  20a  Fj,  FX-12  (Edgerton,  Germeshausen 

T3  9*51ct,  Ukra  (QE)  Mid  Orier)  or  of  our  design, 

Th  5.0v,  l6a  see  further, 

T?  6,3v,  11.6a  Vi  575-4  rectifier 

Cl  10-20kw,  O.25-.5  nfd  (OE  pyranol)  Vg  5C22  hydrogen  thyratron 

PS  Furst  regulated  power  supply  OS  Tektronix  5U5  or  equivalent 

PM  photomultiplier  (935-A,  1P21,  1P28)  oscilloscope 

and  voltage  divider  network  which 
drops  1  kv  across  the  dynodes. 
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In  FlgTire  8  the  dotted  line  indicates  grounded  copper  screening.  Although 
seTeral  grounds  are  Indicated  they  diould  be  conmon  to  avoid  ground  loops.  The 
operation  of  the  apparatus  Is  simple  and  trouble>flree.  The  hydrogen  th^atron 
Is  put  into  a  conducting  state  by  merely  closing  Si  momentarilyy  Fi  then  fires 
if  sufficient  voltage  has  been  applied  across  Cl.  Operated  under  conditions  of 
maxiimim  sensltivityf  and  Ci  at  0.25^  nfdf  the  intensity  of  the  flash  decayed  to 
essentially  zero  in  2xl0’'3  sec.  With  the  intemal  RC  of  the  oscilloscope  equal 
to  U.7xl0*?  (C  ■  U.73d.O**^)j  the  largest  resistance  consonant  with  the  lifetime  of 
the  phenomenon  to  be  measured  should  be  placed  across  the  input  terminals  of  the 
oscilloscope,  in  order  to  nuudnlze  the  voltage  drop  produced  by  the  photocurient. 
(Useful  references  are  33-35») 

A  flash  lanq}  >dilch  has  a  low  brealcdown  voltage,  short  lifetime  and  good 
intensity,  was  made  by  mounting  2  tungsten  rods  in  2nm  IS  quartz  tubing 
and  fillip  to  8  cm  Big  of  Argon.  The  electrode  separation  was  7  mu 


Figure  9*  Optical  arrangement  of  apparatus. 


The  solute  was  dissolved  in  the  chosen  mixture  of  solvents.  The  solution 
was  then  outgassed  on  a  vacuum  line  from  the  quartz  saiqple  holder.  With  the 
sanple  holder  still  evacuated.  It  was  plunged  into  liquid  nitrogen  contained  in  a 
quartz  dewar.  The  decay  of  tte  solute  luminescence  was  displayed  on  the  oscillo¬ 
scope  screen.  One  sweep  being  triggered  by  the  flash  itself.  The  decay  curve, 
time  scale  and  zero  intensity  base  line  were  photographed  with  an  oscilloscope 
camera.  The  scope  was  calibrated  against  the  60  cycle  line.  The  photographic 
image  was  projected  onto  graph  paper  and  carefully  copied  at  a  more  manageable 
size.  The  decay  of  the  log  of  the  intensity  was  plotted  versus  tima.  The  straight 
line  idiich  resulted  indicated  a  largely  first  order  process  for  the  decay.  The 
mean  lifetime  was  determined  from  these  plots  by, 

^(sec)  -  t2  -  tl 

ln(li/l2) 

In  indicates  the  natural  log. 
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The  phosphorescent  lifetimes  of  the  pure  crystalline  tetraphenyls  at  room 
ten^erature  and  at  77*K  were  also  determined  by  a  phosphoroscopic  method.  The 
flash  and  phosphoroscope  values  were  found  to  agree  to  within  one  part  in  $0, 
The  following  results  may  be  of  interest, 


C 

Si 

Ge 

Sn 

Pb 

crystal  room  T 

2.0  sec 

1.3 

0.2 

O.OI4 

— ... 

crystal  77 *K 

3.0 

2.0 

o,h 

0.09 

solution  77 *K 

2.9 

1.1 

0.06 

0.003 

0,0008 

Although  the  precision  (or  internal  consistency)  of  the  lifetime  measure¬ 
ments  is  satisfactory  we  would  not  claim  an  accuracy  greater  than  10  -  30  percent. 
This  is  not  conservative  in  view  of  the  numerous  unevaluated  effects  %diich  beset 
this  type  of  work,  illustrated  above  and  in  the  solvent  difficulties  enumerated 
previously.  Experience  shows  that  \diere  great  accuracy  is  claimed,  especially 
vdthout  statistical  analysis,  then  it  is  the  precision  of  the  experiments  that  is 
meant.  However,  in  the  present  case  we  can  check  3  of  the  $  lifetimes  against 
the  results  obtained  previously  (Ref.  29).  We  find  that  the  lifetimes  of  silicon 
and  tin  agree  to  within  10  percent  but  the  value  for  lead  (0.01  sec),  cannot  be 
correlated  with  the  present  results.  This  phosphorescence  is  very  weak  and  short 
lived*  Increasing  the  intensity  of  the  source  causes  it  to  cover  the  emission. 

In  the  present  experiments  the  decay  constant  was  determined  from  the  tail  of  the 
emission  decay.  Although  it  therefore  suffers  an  increased  uncertainty,  we  can 
say  that  a  longer  value  is,  theoretically,  not  to  be  expected,  and  esqperimentally, 
was  not  observed. 


APFENDIX  III 


SPECTRA 


Ultraviolet  absorption  spectra  were  taken  with  both  a  Jarrell-Ash  grating 
instrument  and  the  Cary  recording  spectrophotometer.  Carefully  measured  amounts 
of  the  tetraphenyls  were  dissolved  in  spectroscopic  solvents  (iso-octane,  CHCl^). 

Emission  spectra  and  excitation  spectra  were  recorded  by  the  Aminco-Bowman 
spectrophotofluorometer,  Figure  10. 


Figure  10.  Optical  arrangement  for  emission  spectra.  By  varying  the  mirror 
angles  by  means  of  calibrated  dials,  emission  spectra  at  various  exciting  wave¬ 
lengths  are  easily  recorded.  Crossing  ratios  are  determined  by  taking  the  ratio 
of  the  intensity  of  the  P  band  to  the  T  band  at  their  maxima.  Intensity  is  read 
directly  from  the  photomultiplier  output.  These  ratios  are  self  consistent  since 
the  F  and  P  bands  of  all  the  tetraphepyls  have  their  maxima  at  nearly  the  same 
wavelengths.  However  the  total  response  of  the  instrument  was  measured  using  the 
Xenon  light  source  (standard  equipment),  a  1P26  photomultiplier  and  by  reflecting 
the  radiation  from  aluminum  foil.  It  is  known  that  the  reflectivily  of  altiminum 
does  not  change  by  more  than  $  per  cent  between  2I4OO  and  bOOOA. 
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RELATIVE  INTENSITY 


A 


Figure  11.  SFF  response.  Xenon  source  intensity  is  obtained  from  total 
response  by  using  the  wavelength  specifications  of  the  1P28  photomultiplier. 
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